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Abstract. This paper presents a modeling study aiming at
quantifying the possible impact of soil characteristics on the
hydrological response of small ungauged catchments in a
context of extreme events. The study focuses on the Septem-
ber 2002 event in the Gard region (South-Eastern France),
which led to catastrophic ﬂash-ﬂoods. The proposed model-
ing approach is able to take into account rainfall variability
and soil proﬁles variability. Its spatial discretization is de-
termined using Digital Elevation Model (DEM) and a soil
map. The model computes inﬁltration, ponding and verti-
cal soil water distribution, as well as river discharge. In or-
der to be applicable to ungauged catchments, the model is
set up without any calibration and the soil parameter spec-
iﬁcation is based on an existing soil database. The model
veriﬁcation is based on a regional evaluation using 17 esti-
mated discharges obtained from an extensive post-ﬂood in-
vestigation. Thus, this approach provides a spatial view of
the hydrological response across a large range of scales. To
perform the simulations, radar rainfall estimations are used
at a 1km2 and 5 min resolution. To specify the soil hy-
draulic properties, two types of pedotransfer function (PTF)
are compared. It is shown that the PTF including information
about soil structure reﬂects better the spatial variability that
can be encountered in the ﬁeld. The study is focused on four
small ungauged catchments of less than 10km2, which ex-
perienced casualties. Simulated speciﬁc peak discharges are
found to be in agreement with estimations from a post-event
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in situ investigation. Examining the dynamics of simulated
inﬁltration and saturation degrees, two different behaviors
are shown which correspond to different runoff production
mechanisms that could be encountered within catchments of
less than 10km2. They produce simulated runoff coefﬁcients
that evolve in time and highlight the variability of the in-
ﬁltration capacity of the various soil types. Therefore, we
propose a cartography distinguishing between areas prone to
saturation excess and areas prone only to inﬁltration excess
mechanisms. The questions raised by this modeling study
will be useful to improve ﬁeld observations, aiming at better
understanding runoff generation for these extreme events and
examine the possibility for early warning, even in very small
ungauged catchments.
1 Introduction
Flash ﬂoods represent the most destructive natural hazard in
the Mediterranean region causing around a billion Euros of
damage in France over the last two decades (Gaume et al.,
2004). Flash ﬂoods are rare events that usually occur in un-
gauged river basins. Amongst them, small-ungauged catch-
ments are recognized to be the most vulnerable to storms
driven ﬂash ﬂood (Ruin et al., 2008).
Several methods for predicting ﬂash ﬂoods in ungauged
river basins are now accepted. The ﬂash ﬂood guidance
(Georgakakos, 2006) and the discharge threshold exceedance
approach (Reed et al., 2007; Younis et al., 2008) are built
to give an early ﬂash ﬂood warning suitable to organize the
civil protection. These methods rely either on conceptual or
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physically based hydrological models and need to be com-
plementedwithsensitivitystudiestoimprovetheunderstand-
ing of the major hydrological factors associated to the ﬂood
event.
There is no unique and simple theory about the runoff pro-
duction on watersheds during ﬂash ﬂood events. The main
reason is that various processes can be involved which are
usually grouped in two types of overland ﬂow: inﬁltration
excess (Horton runoff) or saturation excess (Dunne process).
Dunne and Black (1970) suggest that saturated areas result
from saturation of a surface layer (in case of a less imperme-
able layer below) or the whole soil proﬁle by incident rainfall
whereas others invoke the rising of groundwater tables. Due
to the high heterogeneity and space variability of the water-
shed characteristics (land use, soil type and depth, sub-soil,
local slope, upstream contributing area) and to antecedent
moisture conditioning, these processes are likely to be ac-
tive at the same time in various combinations (Smith and
Goodrich, 2005). Latron and Gallart (2007, 2008) showed
the existence of both mechanisms on a small Mediterranean
catchment using ﬁeld survey and piezometer and tensiometer
data analysis.
But ﬂash ﬂood events are poorly understood due to
the lack of experimental sites and long-term hydro-
meteorological data with adequate space-time resolution
(Foody et al., 2004; Delrieu et al., 2005). In particular,
few data are in general available regarding discharges during
ﬂash-ﬂoods. When gauges exist, they can be seriously dam-
aged and turn out of work during the event. If data are pro-
vided, discharge estimation is prone to large errors as stage
discharge relationships are generally extrapolated far beyond
the range of gauged values. Traditional gauging in such con-
ditions is all the more impossible because it is too danger-
ous for operators. Furthermore, given the scarcity of these
events, it is quite difﬁcult to have a long series of events at a
given location. In this context, Gaume et al. (2004) propose
the use of post ﬂood ﬁeld survey after a major event. The
idea is to provide a spatial view of the hydrological response
across a large range of catchment scales by reconstructing
peak discharge and timing of the ﬂood using ﬂood marks
combined with simple hydraulics consideration and witness
interviews. Although restricted to maximum ﬂow, these in-
formation are in general the only one available and should be
complemented by a modelling approach, using re-analysis of
radar based precipitation estimates, in order to get a regional
and consistent view of the event (Borga et al., 2008).
In order to gain insight into ﬂash ﬂoods, several hydrom-
eteorological observatories are being set up. One of them,
the long-term observatory OHMCV1, covers an area of about
160×200km2 in the C´ evennes-Vivarais region (Fig. 1). Var-
ious numerical models, distributed or not, have been tested
in the C´ evennes region. The goal of these studies was the
1Observatoire Hydrom´ et´ eorologique M´ editerran´ een C´ evennes –
Vivarais, http://ltheln21.hmg.inpg.fr/OHM-CV/
derivation of efﬁcient prediction tools for ﬂash ﬂood fore-
casting more than towards process understanding. They were
generally set up on gauged catchments. That condition al-
lows the calibration of model parameters on part of the data
and the validation of the corresponding models with indepen-
dent data and/or on sub-catchments (Moussa et al., 2007).
Examples can be found in Sempere-Torres et al. (1992)
and Nalbantis et al. (1995) on the Gard River, Saulnier et
al. (1997) and Saulnier and Datin (2004) with Topmodel
(Beven and Kirky, 1979) on the Ard` eche River and Ayral et
al. (2005) with Altha¨ ır model (based on Horton inﬁltration
capacity excess) on the Gardon. The comparison between
all the models shows that, once calibrated, Horton and Dune
schemes reproduce equally well all the ﬂood events.
As regards to prediction in ungauged catchments, few
studies have been conducted at regional scale. Ayral
et al. (2006), with the Altha¨ ır model, and Le Lay and
Saulnier (2007), with the event-based Topmodel approach,
tested various levels of sophistication in the inputs and model
parameters regionalization. Ayral et al. (2006) obtained a
systematic overestimation of peak discharge and a satisfac-
tory simulation of the time of the peak, when the model
was used with spatially homogeneous parameters. Le Lay
and Saulnier (2007) showed that the model efﬁciency sig-
niﬁcantly increased when the spatial variability was taken
into account. Nevertheless, for some of the catchments, the
mis-performances remained unexplained. The authors raised
some hypotheses about the impact of the spatial structure of
soil hydraulic characteristics.
Field studies have been undertaken to locally analyze the
mechanisms of runoff generation, but they only cover a
small part (545km2) of the whole OHM-CV observatory
(3200km2) and are located on steep areas (Ayral, 2005;
Marchandise, 2007). Based on hillslope inﬁltration experi-
ments with either controlled rainfall inputs or real events, the
experimental results showed that the soil inﬁltration capac-
ity is generally very high (more than 100mmh−1) and that a
large proportion of the ﬂow is generated by subsurface lateral
paths. However, the obtained velocities were too small to ex-
plain the quick response of the catchment. Ayral et al. (2005)
suggested that the transit time of the water within the soil
might be very short and the exﬁltrated water quickly mobi-
lized in temporary surface channels.
In order to gain insight and propose hypothesis about ac-
tive process controlling runoff generation, numerical simula-
tion can provide a useful complement to observations (Pi˜ nol
et al., 1997; Vivoni et al., 2007). Using a regional distributed
modeling approach we propose to assess the possible role
of soil variability on runoff generation and catchment re-
sponse during the ﬂash ﬂood Gard event in September 2002
in France (Delrieu et al., 2005). A critical outcome is a map
highlighting the most probable major active processes (inﬁl-
tration excess or saturation excess) and their spatial variabil-
ity. The results presented here will also contribute to improve
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Fig. 1. (a) Map of the topography of the C´ evennes – Vivarais region and (b) zoom into the Gard region where the studied catchments and 17
catchments used for validation are located. The bolded line delineates the area of the available BDSol-LR database
the experimental design of the HyMEx2 project, which is un-
der preparation. Indeed, such sensitivity studies of model re-
sponse can allow identifying the lack of knowledge and the
areas requiring further ﬁeld investigations.
Tostudythesensitivityofthemodelresponsestosoilchar-
acteristics, the following modeling options are chosen given
the scarcity of the available information at this scale. The
proposed distributed modeling approach is carried out with-
out calibration phase. The approach is thus applicable at the
scale of the whole C´ evennes – Vivarais region and gives a
regional view of the problem. Following the recommenda-
tion of Borga et al. (2008), radar rainfall data are used. The
soil properties are extracted from the available Languedoc-
Roussillon soil database. The model accounts for different
soil proﬁles and hydraulic characteristics, as well as a rout-
ing scheme using a kinematic wave approximation of the
St-Venant equation (Moussa and Bocquillon, 1996). In the
following, Sect. 2 ﬁrst describes the available data and the
case study. Section 3 describes the model, its set up and the
methodology retained for model veriﬁcation. Then, results
are presented in Sect. 4 and conclusions and perspectives are
ﬁnally drawn, giving some recommendations about required
ﬁeld studies for the future.
2Hydrological cycle in Mediterranean Experiment,
http://www.cnrm.meteo.fr/hymex/
2 Region of interest and case studied
TheC´ evennes–Vivaraisregion(Fig.1a)istheSoutheastpart
oftheMassifCentral(85000km2; i.e.onesixthoftheFrance
area). The relief of the southeasterly facing slope starts from
the Mediterranean shore and the Rhˆ one Valley. The alti-
tude ranges from sea level up to 1700m (Mount Loz` ere)
over roughly 70km. The main C´ evennes rivers, Ard` eche,
C` eze, Gard, right bank tributaries of the Rhˆ one River, and
the Vidourle have a typical almost intermittent hydrologi-
cal regime: very low water levels in the summer, ﬂoods oc-
curring mainly during autumn. The above-mentioned catch-
ments are medium size catchments (almost 2300km2 for the
largest) with travel times of less than 12 h.
The modeling approach is set up at the scale of the
whole C´ evennes-Vivarais region, but the paper focuses on
four small ungauged catchments shown in Fig. 1b: Do-
mazan (6km2), Rousson (12km2), Saint Quentin la Poterie
(12km2) and Quissac (2km2). They are spread within the
region and located both in mountainous and plain areas. This
study is motivated by the analysis of Ruin et al. (2008) on
the hydrometeorological circumstances that led to accidental
casualties in these small ungauged catchments, that are much
vulnerable to intense storms. Ruin et al. (2008) showed that
thesecatchmentsdonotsystematicallyreacttotheﬁrstheavy
rainfall.
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Figure 2
Fig. 2. Data extracted from the BDSol-LR database: (a) Average
soil depth (in cm). (b) Variability of the texture of the soils in the
Languedoc – Roussillon. The texture classes are taken from the
FAO classiﬁcation. C stands for clay, SC sandy clay, SCL sandy
clay loam, CL clay loam, L loam, Si silt, Sic silty clay, SiCL silty
clay loam, SiL silt loam, LS loamy sand, SL sandy loam and S
stands for sand.
To rate the impact of soil variability on the hydrologi-
cal response of small catchments, soils characteristics are
extracted from the Languedoc-Roussillon soil data base
(later referred as BDSol-LR), provided by the INRA3 from
the IGCS4 program. This database gives soil information
(i.e. texture, depth of horizons etc.) on pedological land-
scape units called Cartographic Soil Unit (CSU). Those units
are established at the 1/250000 resolution and are georefer-
3The French National Institute of Agronomical Research
4http://gissol.orleans.inra.fr/
enced. They are composed of Typological Soil Unit (TSU)
whose vertical heterogeneity is described by stratiﬁed ho-
mogeneous layers of soil. The proportion of TSUs is given
within a particular CSU, but not their precise location. Each
entity is described through tables providing both quantitative
and qualitative information. The latter can be used to check
the consistency of quantitative data. As an example, the soil
depth in the whole region is given in Fig. 2a. The average
depth in the studied region does not exceed 55 cm and more
than 50% of the soils are shallow (depth below 50cm). Fig-
ure 2b shows the texture of the soils encountered within the
data base. They span over a large part of the textural trian-
gle with a mean texture of 30% silt, 20% clay and 50% sand.
Figure 2b also shows the large diversity of the soils encoun-
tered in the region, which should result in a large variability
of soil hydraulic properties.
The meteorological and hydrological data of the Septem-
ber 2002 event used in this study were collected and analyzed
in the framework of the C´ evennes – Vivarais Mediterranean
Hydrometeorological Observatory (OHM-CV). Rain inten-
sity was derived from the radar observation at Boll` ene (see
Fig. 1a for its location). Data are available at 1×1km2 reso-
lution every 5 min (Boudevillain et al., 2006).
The meteorological event started early in the morning of
the 8th of September 2002 with the formation of ﬁrst con-
vective cells over the Mediterranean Sea. Then, convec-
tion progressed northward to form inland a mesoscale con-
vective system (MCS) over the Gard river watershed. The
quasi-stationary MCS stayed over the same region until ap-
proximately the next morning, and then moved eastward
together with the surface front. As emphasized by Del-
rieu et al. (2005), three distinct rainfall phases were ob-
served during the episode. In phase 1, from 08:00UTC to
22:00UTC, 8 September 2002, the highest rainfall devel-
oped and became stationary over the plain region just north
of the city of Nˆ ımes. Maximum rainfall amounts were about
300 mm during this phase. In phase 2, between 22:00UTC
and 04:00UTC, 9 September 2002, the rain system slowly
moved northwards and northwestwards. The MCS produced
rainfall amounts greater than 100mm over this 6 h-period.
Lastly, in phase 3, after 04:00UTC, rainfall amounts exceed-
ing 100mm during an 8 h-period occurred during the east-
ward evacuation of the storm.
For the whole event, the raingauge network locally
recorded 24 h cumulated rainfall greater than 600 mm, which
was conﬁrmed by radar observation (Fig. 3).
As mentioned before, river discharge information is more
critical to obtain. The available water level stations cover
watersheds of more than several hundreds km2 whereas the
basins of interest are around 10km2. As proposed by Gaume
et al. (2004) for a previous similar event, an extensive post-
ﬂood investigation was carried out during the months follow-
ing the event. The objective was to collect information con-
cerning the ﬂood and to analyze the hydrological behavior
of watersheds with an area of 2 to 300km2. Basically, the
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Fig. 3. 48h cumulated rain (8 September 2002 O6:00UTC to 10 September 2002 06:00UTC) observed from (a) the raingauge network and
(b) the Boll` ene radar (+).
procedure aims at estimating maximum discharges by means
of water level marks and also interviewing witnesses to doc-
ument the chronology of the ﬂood. During the post-event
investigation, 93 river cross sections were surveyed and 143
witnesses were interviewed. These estimations were used to
produce a maximum speciﬁc peak discharge map (Delrieu et
al., 2005). In Table 1, the estimated peak discharges of 17
of these catchments, used for model veriﬁcation, show that
most of the tributaries of the Gard River have a peak speciﬁc
discharge greater than 5m3 s−1 km−2. In the ﬁrst uphill of
the mountains, in the region of Al` es (Fig. 1), peak of speciﬁc
discharges are even estimated over 20m3 s−1 km−2. These
speciﬁc discharges are among the highest ever reported for
this range of watershed sizes (Gaume and Bouvier, 2004).
To specify the intensity of this event, it is important to notice
that the 10 years return period discharge for such catchments
is about 2m3 s−1 km−2 in this region (Delrieu et al., 2005).
The 4 small ungauged catchments under study were not
explicitly surveyed but Delrieu et al. (2005). Gaume and
Bouvier (2004) present in more details the methodology of
the ﬂood peak estimation for several small nearby catch-
ments.
3 Model setup
3.1 Model presentation
The hydrological model, used in this study, is developed
within the LIQUID hydrological modeling platform (Vial-
let et al., 2006). This platform allows the elaboration of in-
dependent process modules that can exchange variables and
ﬂuxeswithothermodules. Theycanbeassembledtobuild“` a
la carte” models, according to the modeling objectives and
the available data. Each module is run with its own charac-
teristic time and space scales and the geometry of modeling
units does not need being regular. A time sequencer, which is
an event-based simulator, allows running the simulation and
synchronizing the various modules.
To represent soil vertical heterogeneity and both inﬁltra-
tion excess and saturation excess mechanisms, a 1-D vertical
soil water transfer module is used. It is based on the mixed
form of the Richards Eq. (1).
∂θ
∂t
=
∂
∂z
[K(h)(
∂h
∂z
− 1)] (1)
In this equation, h is the water pressure head (m), θ is the
soil water content (m3 m−3), t is the time (s), z the depth (m)
and K the hydraulic conductivity (ms−1).
Equation (1) is solved through the simpliﬁed Ross’ algo-
rithm (Ross, 2003), as validated by Varado et al. (2006).
It requires the hydraulic characteristics of the soils through
the hydraulic conductivity curve K(θ) (Eq. 2) and the re-
tention curve θ(h) (Eq. 3) based on the Brooks and Corey’s
model (1964). The hydraulic conductivity is expressed as:
K(θ)
Ks
=

θ
θs
η
(2)
where Ks and θs are the hydraulic conductivity and water
content at saturation (ms−1 and m3 m−3); η deﬁnes the di-
mensionless shape parameter of the hydraulic conductivity
curve.
The retention curve is expressed as follows:



when · h < hbc : θ
θs =

hbc
h
λ
when · hbc ≤ h : θ
θs = 1
(3)
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Table 1. Peak discharges of the 17 catchments used for the model evaluation (Gaume and Bouvier, 2004). The most probable values are in
bold whereas the values in brackets give the range of uncertainty.
# Name of the Catchment Area km2 Estimated peak
discharge Qmax
m3 s−1
Estimated speciﬁc
peak discharge
Qs,max
m3 s−1 km−2
1 Alzon sec01 8.2 330
[270–370]
40
[33–45]
2 Alzon sec03 16 430
[300–550]
27
[19–34]
3 Alzon sec04 3.4 100
[70–120]
29
[20–35]
4 Alzon sec05 2.5 100
[80–125]
40
[80–125]
5 Bourdic sec02 12 111
[100–111]
9
[8–9]
6 Braune sec01 14.6 60
[40– ]
4
[3– ]
7 Braune sec04 23.3 300
[200–400]
13
[9–17]
8 Braune sec05 11.6 230
[170–290]
20
[17–25]
9 Braune sec06 7.3 160
[120–200]
22
[16–27]
10 Courme sec04 50.2 635
[590–730]
13
[12–14]
11 Crieulon sec01 19 320
[285–380]
17
[15–20]
12 Droude sect04 4.04 40
[30–50]
10
[7–12]
13 Galeizon sec03 38.1 400
[320–490]
10
[8–13]
14 Galeizon sec05 21 390
[310–470]
19
[15–22]
15 Grabieux sec02 24.1 400
[350–500]
17
[14–21]
16 Ourne sec02 12 300
[250–350]
25
[21–29]
17 Ourne sec03 10.2 270
[220–350]
26
[22–34]
where hbc is the pressure head at air entry (m) and λ is the
shape parameter of the water retention curve.
Equation (4) is used in the following to express the re-
lationship between the two shape parameters (Childs and
Collis-George, 1950; Haverkamp et al., 1999).
η = 2/λ + 2 (4)
The corresponding 1-D soil water transfer module is run for
each hydro-landscape (deﬁned as the elementary computing
volume as described in Sect. 3.2). It allows the computa-
tion of inﬁltration and soil water distribution within the soil
proﬁles. Both saturated and unsaturated ﬂow can be sim-
ulated. Therefore, it is possible to simulate inﬁltration ex-
cess and ponding, perched water tables and/or the full satu-
ration of soils proﬁle. If a water table is present in the hydro-
landscape, the model is also able to simulate its rising due
to vertical inﬁltration. On the other hand, no lateral transfer
is taken into account in the model at present stage. Thus the
water table cannot rise due to lateral transfer.
The ﬂow routing in the river is provided by a 1-D kine-
matic wave approximation of the Barr´ e de St-Venant equa-
tions (Moussa and Bocquillon, 1996) used with simpli-
ﬁed trapezoidal cross sections. The river network is ex-
tracted from DEM analysis and discretized into river reaches,
draining the sub-catchments. Each river reach has its own
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Table 2. Pedotransfer function as proposed by Cosby et al. (1984).
Function type f, with c1+c2.C+c3.S+c4.Si
C=clay (%)
S=sand (%)
Si =silt (%)
10ˆf 1/f f 10ˆf
Coefﬁcient hbc (cm) λ θs (%) Ks (inch/h)
c1 1.54 3.1 50.5 −0.6
c2 0 0.157 −0.0337 −0.0064
c3 −0.0095 −0.003 −0.142 0.0126
c4 0.0063 0 0 0
characteristics: cross-section, slope, Manning roughness co-
efﬁcient and initial wetted section.
As a ﬁrst guess and in order to avoid calibration on pa-
rameters that surely may vary from one catchment to another
and within the catchment itself, the initial wetted section and
roughness coefﬁcient are ﬁxed along the whole network with
the constant values of 0.06m2 and 0.05, respectively. The
value of the Manning coefﬁcient has been provided by the
post ﬂood ﬁeld survey (Gaume and Bouvier, 2004).
The cross section is reduced along the network according
to the Strahler order of the reaches. The ﬁrst Strahler reach is
chosen to be rectangular and 1-m width. The average slope
of each reach is computed using the DEM analysis proposed
by Travis et al. (1975).
3.2 Hydraulic properties of soils
To run the 1-D soil transfer module, the retention and hy-
draulic conductivity curves are speciﬁed thanks to pedotrans-
ferfunctions(PTF)whichrelatetheparametersoftheBrooks
and Corey models Ks, θs, hbc, λ and η (Eqs. 2 and 3) to mea-
sured soil data (i.e. soil texture, organic matter content and/or
other routinely measured data by soil surveys (W¨ osten et al.,
1999). Measurements of soil inﬁltration are only available
very locally and are therefore difﬁcult to extend to the whole
region. In the present work, we evaluate the relevance of
two PTFs for the whole region of interest. The BDSol-LR is
therefore used to document the soil properties.
The ﬁrst class of PTF, based on the Cosby et al. (1984)
approach (later refer as C84), uses only textural information.
Its formulation is presented in Table 2.
Experimental studies (Ayral, 2005; Marchandise, 2007)
highlighted the determinant role of soil structure in the
C´ evennes – Vivarais region ﬂood genesis. To account for soil
structure inﬂuence, the Rawls and Brakensiek (1985) (later
refer as RB85) formulation is used as a second PTF class. Ta-
ble 3 gives the RB85 formulation. In this case, the soil struc-
ture is taken into account through porosity. However, while
the soil texture is explicitly given in the BDSol-LR database,
Figure 4
Fig. 4. Statistics of the porosity for different textures (after Braken-
siek and Rawls, 1981). The bolded values stand for the mean value
of the class whereas the light ones stand for the range within the
class.
the porosity needs being derived. Brakensiek et al. (1981)
used a statistical approach to derive an average value of the
effective porosity and the associated standard deviation for
each textural class according to FAO (1990). The porosity is
therefore obtained from the Brakensiek et al. (1981) results,
which provide range value as shown in Fig. 4, and from qual-
itative information available in the BDSol-LR, such as “mas-
sive structure” or “gritty structure”, which is used to choose
between the minimum, maximum or average value within
this range.
In addition, the observed rock fragment rate (not shown
here but present in the BDSol-LR database) has a 20% av-
erage value in the region with some areas where it exceeds
50%. Based on these observations, the values of Ks and θs
were reduced to account for the presence of rocks that can
strongly affect the inﬁltration rate (Brakensiek and Rawls,
1994; Morvan et al., 2004). Simply, the values of Ks and
θs estimated by the PTFs, are then reduced by the rock frac-
tion (considered impervious and non porous). For instance,
in areas where the rock fragment rate is 50%, the estimated
values are divided by two.
The consistency of the hydraulic properties estimated us-
ing the two PTFs is evaluated by comparison with the avail-
able information about soil hydraulic properties (see Sect. 4).
3.3 Modeling setup
The model is implemented for the whole C´ evennes – Vi-
varais region and run on the small catchments without any
parameter calibration. Within the LIQUID framework, the
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Table 3. Pedotransfer function as proposed by Rawls and Brakensiek (1985). The domain of validity is deﬁned as 5%< sand <70% and
5%< clay <60%.
Function type f, with c1+c2.C+c3.S+c4.φ+c5.C2+c6.C.φ+c7.S2
C=clay (%) +c8.S.φ+c9.φ2+ c10.C.φ2+c11.C2.S+c12.C2.
S= sand (%) φ+ c13.C.S2+c14.C2.φ2+c15.S2.φ+c16.C2.
φ=porosity (m3 m−3) S2+c17.S2.φ2
exp (f) exp (f) (f) exp (f)
Coefﬁcient hbc (cm) λ θr (m3 m−3) Ks (cmh−1)
c1 5.3396738 −0.7842831 −0.01824820 −8.968470
c2 0.1845038 0 0.00513488 −0.028212
c3 0 0.0177544 0.00087269 0
c4 − 2.48394546 −1.0624980 0.02939286 19.53480
c5 0.00213853 −0.00273493 −0.00015395 −0.0094125
c6 −0.61745089 0 0 0
c7 0 −0.00005304 0 0.00018107
c8 −0.04356349 −0.03088295 −0.00108270 0.077718
c9 0 1.11134946 0 −8.395215
c10 0.50028060 −0.00674491 −0.00235940 0
c11 0.00000540 0 0 −0.0000035
c12 0.00895359 0.00798746 0.00030703 0.0273300
c13 −0.00001282 −0.00000235 0 0.0000173
c14 −0.00855375 −0.00610522 −0.00018233 −0.0194920
c15 −0.00072472 0 0 0.0014340
c16 0 0 0 0
c17 0.00143598 0.00026587 0 −0.00298
model setup requires choosing the simulated processes, their
representation and consistent catchments discretization. The
followed methodology is the one outlined by Dehotin and
Braud (2008) who propose a catchment discretization consis-
tent with the modeling objectives, the process representation
and the available data. The discretization (Fig. 5) is based on
two embedded levels.
– For the ﬁrst level, the catchments are sub-divided into
sub-catchments or Representative Elementary Water-
sheds (REWs). They are extracted from the stream net-
work previously derived from a DEM analysis (Digital
Elevation Model). The latter was conducted using the
SAGA5 software, using 0.1km2 as the surface thresh-
old and the ﬁrst Strahler order. This ﬁrst level of dis-
cretization is not sufﬁcient to describe the soil hetero-
geneity within the sub-catchments. A second level of
discretization is therefore required.
– The variability inside the sub-catchments can be ac-
counted for through homogeneous zones, called hydro-
landscapes, which are derived from GIS layers analysis.
In this study, this second level is based on the Carto-
graphic Soil Units (CSU) presented in Sect. 2. Each
5http://sourceforge.net/projects/saga-gis/
CSU contains several Typological Soil Units (TSU) that
are not georeferenced. In the present study, we affect
the dominant TSU to each CSU for the sake of simplic-
ity. The soil depth is ﬁxed to the average depth for each
TSU. To solve the Richards equation, the vertical soil
proﬁle is divided into cells of 1cm thickness. A differ-
ent set of hydraulic parameters is assigned to each soil
horizon composing the soil proﬁles.
Because the September 2002 event is the ﬁrst main rainy
event after the summer dry season, the model is initialized
as follows. We ﬁrst consider a uniform soil water pressure
proﬁle. The value of this pressure corresponds to a 75% sat-
uration of the ﬁrst horizon. A simulation without rainfall but
with a constant potential evaporation of 2mmday−1 is then
run for two months. The obtained soil moisture proﬁles are
used as initial condition for the simulation of the September
2002 event.
As far as the boundary conditions are concerned, a zero
ﬂux (impermeable bedrock) condition is ﬁxed at the bottom
boundary. Preliminary tests showed that the use of a grav-
itational ﬂux as boundary conditions could modify consid-
erably the soils response. This result shows that ﬁeld stud-
ies would be required to better document this boundary and
possible percolation within the fractured bedrock. In the fol-
lowing, we will only present results with the no ﬂux bottom
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Fig. 5. Setup of the LIQUID model.
boundary condition. The upper boundary condition of the
soil is directly calculated by the model using input rainfall
series and a zero potential evapotranspiration (evaporation is
neglected during the event). Rainfall data at the 1km2 reso-
lution are interpolated per hydro-landscapes using weighted
averages on the surfaces. The module time step is automat-
ically calculated as a function of the dynamics (Ross, 2003)
and the management of all the hydro-landscapes units is en-
sured by the time sequencer of the LIQUID platform (Viallet
et al., 2006).
As mentioned above, ponding water is directly transmit-
ted to the nearest river reach and transmitted within the river
network using the kinematic wave routing module. It pro-
vides the simulated streamﬂow at the outlet of the studied
catchments and for their sub-catchments. The model also
provides, for each hydro-landscape, the inﬁltration ﬂux and
the vertical ﬂuxes between the cells. The saturation degree
proﬁles are also available and are used in the analysis pro-
vided in the next section.
3.4 Model veriﬁcation strategy
Since very few discharge data are in general available dur-
ing ﬂash ﬂood, the use of post ﬂood ﬁeld survey is very in-
teresting and provides a spatial view of the hydrological re-
sponse across a large range of scales (Borga et al., 2008).
Of course, only information on peak discharges can be re-
trieved and information on the event timing can be avail-
able when witnesses are interviewed. Our hypothesis is that
a regional evaluation using peak discharge is a good start-
ing point for the evaluation of our model. It is also a good
complement to compare the simulation within gauged catch-
ments. Nevertheless, concerningtherainfallinputs, theavail-
ability of radar data is a requisite for a fair evaluation of mod-
els at scales that are not properly covered by raingauge data.
Given the current state of radar data, it is quite difﬁcult to
have a long reliable series of radar data at a given location.
This point is especially critical when we need high resolution
(space and time) rain inputs for physically based hydrologi-
cal models where the simulated process has a time step lower
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Fig. 6. Available initial water storage ((θs−θi)×depth) (in mm) based on (a) Cosby et al. (1984) and (b) Rawls and Brakensiek (1985)
formulations. These results are obtained after a two months evaporation of initially wet surface soils.
than the hourly time step. This point is also valid for lumped
modelsthatneedaccurateraininputsaswell. Themodelpro-
posed in our study has been evaluated (Anquetin et al., 2009)
on one gauged catchment (Saumane, 99km2) using the same
numerical implementation. The results show very good per-
formances since the radar protocol is adapted to mountainous
areas (volume-scanning protocol).
The model veriﬁcation strategy is, therefore, based on
a regional modelling approach based on the simulation of
the discharges of 17 watersheds documented during the post
ﬂood survey (Gaume and Bouvier, 2004). The size of the
catchments and the estimated discharges are given in Table 1.
Their locations are indicated in Fig. 1b.
The numerical conﬁgurations for each studied catchments
are summerized in Table 4. The numbers of sub-catchments
and hydro-landscapes used for the simulations, give an idea
of the heterogeneity taken into account.
4 Results and discussion
4.1 Soils inﬁltration properties
To illustrate the impact of the two different PTFs on mod-
eled soil hydraulic properties, simple statistical scores on the
whole database of the region of interest are summarized in
Table 5. The compared values clearly show the impact of
the PTF on the estimation of the Brooks and Corey parame-
ters. The variability range is much larger for the RB85 for-
mulation, especially for the λ, Ks and hbc parameters. In
Table 5, the two PTFs lead to very close maximal water stor-
age capacity, deﬁned as the product of the depth of the soil
and the water content at saturation θs. Figure 6 shows how-
ever that the obtained initial available soil water capacity cal-
culated for the September 2002 event presents large differ-
ences between the C84 and the RB85 formulations. These
are of 35mm in average and can reach 535mm for very deep
soils (Table 6). The average initial available soil water ca-
pacities are consistent with the estimation cited in Delrieu et
al. (2005).
The evaluation of Ks is difﬁcult as only few point mea-
surements on the Gardon d’Anduze catchment (545km2) are
available. On this area, Ayral et al. (2005) and Marchan-
dise (2007) reported values larger than 100mmh−1. For the
same area, the RB85 estimates saturated hydraulic conduc-
tivities ranging from 1 to 90mmh−1, which are lower than
these observations. However, in situ data take into account
local macroporosity whereas it is not included in the deriva-
tion of PTFs. This result highlights the need for further work
in order to include macroporosity in the deﬁnition of PTFs.
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Table 4. Numerical conﬁgurations of the studied catchments.
# Area Mean soil Number of Number of
km2 thickness Sub-catchment Hydro-landscape
cm
Catchments used for Validation
1 8.2 25 8 32
2 16 30 17 72
3 3.4 21 3 14
4 2.5 50 3 13
5 12 45, 18 35
6 14.6 73 16 53
7 23.3 64 30 103
8 11.6 43 20 46
9 7.3 43 11 25
10 50.2 81 64 164
11 19 96 27 65
12 4.04 85 5 27
13 38.1 23 39 190
14 21 18 27 117
15 24.1 43 23 78
16 12 26 10 30
17 10.2 25 10 28
Studied catchments
Rousson 12.3 28 13 48
St. Quentin 12 60 17 42
Quissac 2.2 80 6 9
Domazan 6 111 7 18
Table 5. Comparison of Ks, θs, hbc, λ and η Brooks and Corey (1964) parameters estimated by the Cosby et al. (1984) (refer as C84) and
Rawls and Brakensiek (1985) (refer as RB85) pedotransfer functions . VC is the Coefﬁcient of Variation calculated as the Standard Deviation
divided by the Average.
hbc(m) Min Median Average Max Std deviation VC (%)
C84 0.087 0.215 0.265 0.923 0.151 57
RB85 0.068 0.245 0.515 10.070 1.060 206
C84 0.023 0.341 0.324 0.491 0.112 35
RB85 0.016 0.337 0.329 0.537 0.128 39
C84 9.19E-09 2.91E-07 3.43E-07 1.06E-06 2.13E-07 62
RB85 2.24E-16 1.31E-06 3.27E-06 2.99E-05 4.70E-06 144
C84 0.0801 0.1634 0.1641 0.2721 0.0418 25
RB85 0.0054 0.3190 0.3044 0.5452 0.0845 28
C84 9.35 14.24 15.03 26.98 3.51 23
RB85 5.67 8.27 10.88 369.90 20.01 184
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Table 6. Comparison of the maximal and initially available water storage capacities (θs depth and (θs−θi)depth) (m) estimated by the Cosby
et al. (1984) (refer as C84) and Rawls and Brakensiek (1985) (refer as RB85) pedotransfer functions. VC is the Coefﬁcient of Variation
calculated as the Standard Deviation divided by the Average.
Maximal water Min Median Average Max Std deviation VC (%)
storage capacity (m)
C84 0.007 0.189 0.246 4.466 0.317 129
RB85 0.008 0.195 0.255 5.202 0.344 135
C84 0.003 0.083 0.095 1.312 0.093 98
RB85 0.003 0.122 0.13 1.857 0.116 89
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Fig. 7. Comparison between the estimated (empty squares) and the
simulated (black dots) speciﬁc peak discharges at the 17 validation
outlets. The vertical black line stands for the range of uncertainties
given by Gaume and Bouvier (2004).
For the present study, the use of PTF is the only way to get
hydraulic properties for the whole region, in a homogeneous
way. In the following, we use the RB85 PTF as it provides
a more realistic range of variation than C84. Nevertheless,
it would be necessary to complement the existing ﬁeld study
in order to document the variety of soils encountered at the
regional scale. This could allow establishing a PTF for the
region.
4.2 Model veriﬁcation
Figure 7 displays the comparison between the estimated and
the simulated peak discharges at the 17 validation outlets. As
shown in Fig. 7, most of the simulated peak discharges are
within the range of the uncertainties given by the post ﬂood
survey. Apart for catchments #7 and #10, the relative er-
ror between the simulated and the estimated peak discharges
ranges from 3% (#12) to 47% (#15). The mean error value
is about 22% whereas the estimation uncertainty provided
by the post ﬂood survey reaches 21%. This is a fairly good
result for this type of regional validation without any calibra-
tion. The simulation of the peak discharge at the outlet #6
fails. As mentioned by Bonnifait et al., 2009, this catchment
is located in a region where the rainfall gradient has been
estimated to be the strongest. The rainfall input is, there-
fore, probably at the origin of the overestimation of the peak
discharge. The underestimations of the simulated peak dis-
chargeforthecatchment#10isdifﬁculttoexplainsincethere
is no modeling, background on this catchment. This catch-
ment will be a good candidate for a special observation de-
vice within the framework of the future HyMEx experiment
in order to better document the soil characteristics.
4.3 Flood dynamics for the 4 catchments
Figure 8 displays the observed rain ﬁeld and the simulated
speciﬁc discharge at the 4 outlets (Rousson, St. Quentin la
Poterie, Quissac and Domazan). Due to the size of the catch-
ments and the importance of the event, the hydrographs ap-
proximately follow the rain dynamics. In Fig. 9, the sim-
ulated peaks for the 4 studied catchments and the 17 vali-
dation outlets are compared against the values retrieved from
thepost-ﬂoodﬁeldinvestigation(GaumeandBouvier, 2004),
used as validation data. For the 4 studied catchments, the
speciﬁc discharges reach 15 to 25m3 s−1 km−2. The com-
pared values are of the same order of magnitude and the
hierarchy between catchments is correctly simulated by the
model, which was not obvious from the mere examination of
the rain amounts collected by the watersheds.
In order to illustrate the inﬂuence of soil characteristics
on the water available amount for runoff, Fig. 10 displays
the time evolution of i) the average inﬁltration rate for each
catchment, ii) the mean rain intensity and iii) the corre-
sponding cumulative runoff coefﬁcient. This latter is com-
puted as the simulated cumulative water amount available
for runoff (ponding) divided by the cumulated rainfall up to
this time. Runoff generation is obviously strongly linked to
the rain intensity but also to the soil storage capacity and
the inﬁltration capacity. In Fig. 10, the soils of the Rousson
and St. Quentin la Poterie catchments are fully saturated at
06:00UTC September the 9th. On the other hand, the soils
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Fig. 8. Simulated discharges at the (a) Rousson (12km2), (b) Saint Quentin la Poterie (12km2), (c) Quissac (2km2) and (d) Domazan
(6km2) outlets. See Fig. 1 for the locations.
Figure 9
Fig. 9. Maximum speciﬁc discharge as a function of catchment size. Peak speciﬁc discharges (empty and grey squares) estimated from
post-ﬂood investigations of the September 8–9th event (Gaume and Bouvier, 2004). Simulated peak discharges using LIQUID hydrological
model for the 17 validation catchments (grey triangles) and the 4 studied catchments (black triangles).
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Figure 10
a) b)
c) d)
Fig. 10. Time evolutions of the simulated inﬁltration rates (solid line) and of the runoff coefﬁcient (dotted line), both averaged at the
catchment scale. The shaded area gives the rain intensity. (a) Rousson (12km2), (b) Saint Quentin la Poterie (12km2), (c) Quissac (2km2)
and (d) Domazan (6km2).
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Fig. 11. Mean runoff coefﬁcient associated to the cumulated rainfall for each sub-catchments from 8 September 2002 08:00UTC to
10 September 2002 00:00UTC: (a) Rousson (12km2), (b) Saint Quentin la Poterie (12km2), (c) Quissac (2km2) and (d) Domazan (6km2).
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of the Domazan and Quissac catchments do not reach their
saturation state as the inﬁltration rate remains positive during
the whole event.
These results highlight the combined contribution of the
rain intensity and the soil properties in the runoff generation
at the catchment scale. The next section aims at identifying
how the soil properties act on the inﬁltration rate and if any
main hydrological process can be identiﬁed.
4.4 Inﬁltration dynamics associated to soil properties
In Fig. 11, the average simulated runoff coefﬁcients are eval-
uated for the different sub-catchments and plotted against the
cumulated rainfall during the whole simulation (08:00UTC
the 8th of December to 00:00UTC the 10th of December).
Despite the usual strong correlation between runoff coefﬁ-
cient and rainfall intensity, some discrepancies are observed
that are assumed to be linked to the soil signature. For ex-
ample, the largest runoff coefﬁcient for the Rousson catch-
ment occurs where the cumulated rainfall is the lowest. For
the Quissac and more speciﬁcally, the St.-Quentin la Poterie
catchments, the total rainfall amount is almost spatially ho-
mogeneous but the calculated runoff coefﬁcients can be seen
highly variable amongst sub-catchments.
To illustrate the role of soil properties on the runoff gen-
esis, the average inﬁltration rates are plotted for each sub-
catchment in Fig. 12 for the Domazan catchment. This ﬁg-
ure, combined with the analysis of ponding (not shown),
highlights two different tendencies for the given exam-
ple. The west/southern (W/S) sub-catchments of Do-
mazan present a globally higher inﬁltration capacity than the
east/northern (E/N) ones. This is particularly emphasized
during the quasi no-rain phase around 11:00–13:00UTC (see
Fig. 10d). The inﬁltration process is rapidly stopped within
the W/S sub-catchments as no ponding is simulated. On the
contrary, the inﬁltration still goes on within the E/N sub-
catchmentsaspondingremainsatthesurface. At14:00UTC,
the rain rate has increased. The higher inﬁltration capacity of
the W/S sub-catchments allows inﬁltration until 22:00UTC
on September the 8th. At this time, the sub-catchments are
fully saturated. These sub-catchments probably react as sat-
urated source areas and present lower average runoff coefﬁ-
cients than the E/N ones.
For the other catchments (not presented here), similar ten-
dencies are observed as far as the inﬁltration dynamics is
concerned.
In Fig. 13, the vertical proﬁles of the soil saturation state
are presented at different instants of the event and for two
hydro-landscapes representative of the two tendencies. HL1
(Fig. 13a, b, c, d) refers to the W/S sub-catchments of Do-
mazan (larger inﬁltration capacity) while HL2 (Fig. 13e, f,
g, h) stands for the E/N sub-catchments that have lower in-
ﬁltration rates. These two hydro-landscapes receive approx-
imately the same average rainfall. Therefore, Fig. 13 shows
different behaviors that can be related to soil properties.
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Fig. 12. Time evolution of the simulated inﬁltration rates of each
sub-catchment of the Domazan catchment (6km2). The black line
stands for the mean evolution of the simulated rates in grey. For
each sub-catchment, the average speciﬁc discharge (m3 s−1 km−2)
(in bold) and the maximum discharge (m3 s−1) (in parenthesis) are
indicated.
The time evolution of the inﬁltration in HL1 (Fig. 13a,
b, c, d) presents a strong correlation with the rain dynam-
ics. At the beginning of the event (Fig. 13a) the ﬁrst layers
of the soil saturate and when rain stops (Fig. 13b), the wa-
ter inﬁltrates deeper while the upper layers start drying up.
During this phase, there is no ponding at the HL1 surface.
When rain starts again (Fig. 13c), the surface saturates and
ponding starts increasing. The inﬁltration front moves on
quickly towards the deeper layers; that leads to the complete
soil column saturation at 21:47UTC the 8th of December.
Then, runoff generation follows the rainfall dynamics. So,
this hydro-landscape experiences both inﬁltration excess and
saturation excess mechanisms.
In the case of HL2, ponding starts immediately (Fig. 13e)
and the surface remains saturated (Fig. 13f), contrary to HL1
(Fig. 13b). The inﬁltration front moves on slowly towards
the deeper layers. The ﬁrst layer of the soil saturates the 9th
of September at 10:05UTC; the second remains very moist,
but does not saturate during the event. Due to the low in-
ﬁltration capacity of the soil, Hortonian inﬁltration excess is
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Fig. 13. Time evolution of the vertical proﬁle of the saturation state for the two hydro-landscapes of Domazan recalled in the map. Hydro-
landscape 1, referred as HL1 (Fig. 12a, b, c, d), is representative of the W/S sub-catchments that present important inﬁltration capacity.
Hydro-landscape 2, referred as HL2 (Fig. 12e, f, g, h), stands for the E/N sub-catchments that have lower inﬁltration rates. For both hydro-
landscapes, the time run from left to right: the 8 September 2002 1) from 08:50UTC to 09:40UTC, 2) from 09:40UTC to 15:00UTC, 3)
from 15:00UTC to 21:47UT, 4) from 21:47UTC to 9 September 2002 16:00UTC.
the only active hydrological process on this hydro-landscape.
On other soils, we have found soils prone to saturation excess
due to a lower inﬁltration capacity of the deeper layer than
the upper one, leading to a perched water table. Given the
initial conditions (without pre-existing water table) and the
absence of lateral transfer in the present version of the model,
we are only able to evidence saturation excess linked to sat-
uration of the topsoil or complete saturation of the soil reser-
voir (referred to as type-B saturation excess by Latron and
Gallart, 2007). Saturation excess due to groundwater rising
(type-A saturation excess of Latron and Gallart, 2007) could
be simulated in case of a soil with very high hydraulic con-
ductivity for which the inﬁltration front would reach quickly
the column bottom and subsequent inﬁltration would pro-
duce a rising of the water table.
The same analysis procedure is performed for the three
other catchments. Figure 14 synthesizes the results as a map
distinguishing the areas where the soils fully saturate during
this event and the areas where it does not. Note that during
such an extreme event, rainfall intensities are so high that
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inﬁltration excess occurs over all the soils, but it seems to be
preponderant on the white areas of Fig. 14. This map can
serve as basis for an experimental set up, aiming at verifying
these hypotheses. For instance, areas suspected to be prone
to saturation excess could be equipped with small piezome-
ters, whereas the other areas could be instrumented with sur-
face sensors, measuring soil moisture.
5 Conclusions
This study is a ﬁrst step towards the set up of a modeling ap-
proach for ungauged catchments in a region prone to ﬂash-
ﬂoods events. A simple model is established using the facil-
ities provided by the LIQUID modeling platform. The soil
parameters required for the simulation are derived from the
available database BDSol-LR. The model was veriﬁed us-
ing a regional approach based on estimated peak discharges,
provided by a post ﬂood survey. Then, the analysis fo-
cuses on the simulated hydrological response of four small-
ungauged catchments to the variability of soil properties, for
the September 2002 catastrophic event. The results highlight
the importance of soil hydraulic properties on the hydrolog-
ical response. They also show, even on small catchments of
less than 10km2, the possible co-existence of different runoff
mechanisms (inﬁltration excess and saturation excess). The
simulated maximum speciﬁc peak discharges are consistent
with the post-event investigation for the four sub-catchments.
These results must be conﬁrmed at larger scales where ob-
served simulated discharges are available. This work is under
way through the extension of the present analysis to larger
catchments.
This ﬁrst study also highlights a lack of knowledge in var-
ious domains, which provides guidance for the establishment
of ﬁeld study priorities in the future HyMeX experiment.
One can mention:
– The necessity to validate and/or calibrate pedotransfer
function for characteristic soils of the region and to doc-
ument soil properties, including structure;
– The results are related to the deﬁnition of the bottom
boundary condition and would require investigations
about inﬁltration capacity of bedrock layers, which are
generally considered as impermeable;
– The extension of the modeling study presented here will
allow mapping areas principally prone to inﬁltration ex-
cess and to saturation excess. It would be interesting
to validate, even with qualitative information, these hy-
potheses;
– The validation of a regional modeling approach would
also require to enhance stream ﬂow estimation on small
upstream catchments, using embedded scales. Image
video (Muste et al., 2005) should be encouraged in such
a context.
Rousson
Saint Quentin
Domazan
Quissac
Figure 14
N
Fig. 14. Location of the guessed saturated source areas (in grey) for
the simulated catchments.
Previous sensitivity studies have shown the strong impact of
the initialsoil moisture (whichspeciﬁes the initialstorage ca-
pacity of the soil). Continuous simulations, including evap-
otranspiration simulation will be included in the modeling
approach to assess this impact. This would therefore require
to consider lateral redistribution of water along the slopes,
while adding a lateral ﬂow component to the present model.
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